Catalytic hydrogenation was developed to remove sulfur from residual oils. but it also reduces the fuel viscosity and removes most of the vanadium, sodium, nitrogen, and other impurities. Eleven desulfurization ur, .s operating worldwide are producing over 325.000 bbl/day (51,692 m 3 /d) of boiler fuel with 1 percent sulfur, starting with residual of 4 perciehl sulfur content. More severe versions of the process are available to reduce sulfur content fi) 0.3 or 0.1 percent. Hydrodesulfurized residuals should be attractive fuels for gas turbine 0! combined-cycle power plants. With fuel sulfur content reduced to meet emissions standards. fuel constituents responsible for turbine corrosion and deposits are also minimized.
INTRODUCTION
Gas turbine power plants and the desulfurization of residual fuel oil have been separate, unrelated developments. Over the past 20 years, both have been developed to a high level of reliability. Now would be a good time to merge these two technologies to meet the growing demand for "clean" power.
Turbine users have explored using residuals as fuel in the past due to the relatively low cost of these stocks, but the high sulfur levels of many residuals and resulting emission problems coupled with the high contaminant levels and resulting turbine corrosion problems have prevented widespread use of residuals as turbine fuels. However, when residuals are treated by the recently developed desulfurization processes, the product fuels cannot only meet any sulfur emission requirements, but are also sufficiently reduced in contaminants such that turbine operability can be on a par with distillate fuels.
Full crude oils have also been mentioned as potential turbine fuels. From an economic standpoint, we find it preferable to flash the crude into light components and residual and separately desulfurize the two streams. The desulfurized products can be reblended into a synthetic crude with a low level of sulfur and contaminants. Since desulfurization of distillates (e.g., naphtha, diesel oil) are well-established refining processes, this paper will concentrate on the treatment of residuals, although our conclusions could also be applied to desulfurized synthetic crudes.
GAS TURBINE DEVELOPMENT
The history of gas turbines is usually traced back to John Barber's patent in England in 1791, or even to Hero's engine in ancient Greece. Practical modern developments are more often traced back to Professor Stodola, followed by Sir Following the successful use of aircraft gas turbines in the closing days of World War II, there was much promotion of gas turbines for marine, industrial, pipeline, and utility power plants. In the 1950's, it became obvious that combustion temperatures would have to be raised well above 1200 F if gas turbines were to be competitive with diesels and steam power plants in terms of fuel economy. Several locomotives and power stations built at that time demonstrated the new phenomenon of fuel ash corrosion; gas turbines could be destroyed in 1000 hr or less operated at 1450 to 1650 F (788 to 899 C) on ordinary No. 6 Fuel Oil.
A period of quiet incubation followed, Fig. 1 This provided the money and momentum to launch the gas turbine era of today. However, higher turbine efficiency (lower fuel consumption) means higher operating temperatures and more severe ash corrosion problems. Under the auspices of the American Society for Testing and Materials, the turbine manufacturers started a dialogue with fuel producers in 1964. This led to ASTM specification D2880 in 1970, covering gas turbine fuel oils with limits in the parts per million range on corrosive ash components. Even as the specification was being issued, a new ASTM Task Force was established to revise it. Lower limits on trace metals were needed for the newest gas turbines, and some of the recommended limits on sodium, vanadium, lead, and calcium may now be below one part per million in the fuel.
At present, gas turbine operators usually use "clean" fuels such as natural gas, kerosene, or home heating oil. (These require proper handling in transportation, of course, to avoid contamination.) As an alternate they may choose No 6 Fuel 011 or other residual fuels, if the fuel is water-washed on-site to remove sodium and is then treated with an additive to control the corrosive action of vanadium. Now the hydrodesulfurized residual fuel oils offer a third alternative because most of the trace metals have been removed in desulfurization. This is the same fuel which some boiler ints have elected to use as a means to reduce their emissions of sulfur oxides. In other words, in ss,ie areas environmental restrictions on emissions are raising the quality of basic industrial fuel to a level that is acceptable for gas turbines.
DEVELOPMENT OF HYDRODESULFURIZATION
It has long been known that hydrogen could be forced into oils at high temperature and pressure to stabilize the oil and to displace impurities especially sulfur. Commercial-scale plants in the 1930's were short-lived because of unfavorable economics. However, hydrogenation schemes were revived in the 1950 1 s when refineries began making large quantities of hydrogen from reforming processes to upgrade gasoline. Hydrogenation of kerosene and No. 2 Fuel Oil has been practiced commercially for 20 years, but different catalysts and operating conditions had to be developed before the direct hydrogenation of residuals was commercially feasible.
Hydrogenation of residuals, as with distillates, involves chemical reaction between oil and hydrogen in the presence of a catalyst at relatively high temperature and pressure. The hydrogen combines chemically with the oil, breaking down some of the tar-like components and displacing many of the impurities. The process is somewhat costly because: (a) residual oils can combine with large volumes of hydrogen in the reaction, and (b) displaced impurities are largely retained on the catalyst, eventually destroying its effectiveness. Hydrogenation of residuals requires different catalysts and operating conditions from those used for distillates. Fig. 1 illustrates the fundamental difference between distillate and residual oils. It shows a typical atmospheric-pressure crude oil still, which is the first major unit in every petroleum refinery. All components of the crude that boil below 700 or 800 F (371 to 427 C) are If heated above 700 or 800 F (371 to 427 C), the residual oil might "crack" or decompose. However, under a vacuum more distillate can be recovered from the residue without heating the oil into the cracking range. A "1000 F Vacuum Bottoms" has not been heated to 1000 F (537 C), but has been produced through equivalent distillat ion at 700 or 750 F (371 to 399 C) under vacuum.
HDS PROCESS
All operating commercial HDS units are designed for atmospheric tower bottoms, although the process can also be used on vacuum tower bottoms. The process is available in three versions of increasing severity, designated Types II, III and IV. Figs. 2, 3 and 4 show the differences; Type III utilizes a second section while Type IV employs three sections and two different catalysts.
Eleven desulfurization units are operating worldwide with a total capacity of 325,000 bbl/d (51,692 cu m/d), with the bulk of the facilities (six units with 235,000 bbl/d capacity) in Japan. The Japanese units range in size from 28 to 45 thousand barrels (4450 to 7150 cu m) per day. From the start-up of the pioneer HDS unit in 1970 to the most recent in 1974, none has failed to meet design performance. A 50,000 barrel (7950 cu m) per day Type IV unit capable of producing 0.1 percent sulfur product will be started in Japan later this year. Several additional units have been licensed or are under construction but, in some cases, construction has been delayed due Two residuals that are typical of those that are, or will be, available in large quantity are Kuwait and Alaskan North Slope. Table 1 gives the properties of these residuals before and after HDS processing at different severities. In terms of fuel oil viscosity grades as defined in ASTM D396, Type II treatment reduces the viscosity of these residuals to a value that is still within the No. 6 Fuel Oil range. Type III or IV treatment reduces the viscosity to the range of No. 5 Fuel Oil. To reduce sulfur to 0.1 percent, Type IV treatment is required for Kuwait, while less severe Type III suffices for North Slope stock. Nitrogen is significantly reduced, although to a lesser extent than sulfur. Vanadium can be reduced to low levels, greatly reducing the need for fuel additives to prevent turbine blade corrosion. The double desalting required to protect the HDS catalyst, as well as the salt removal in the reactors, gives virtually zero saltl in the product at the refinery. If the gas turbine power plant is adjacent to the refinery, or if proper fuel handling procedures are used in transportation, the turbine user will .not have to desalt. Also, the extensive prefiltration and filtration through the catalyst beds substantially reduces particulates. Besides contaminant removal, HDS treatment improves properties which affect flow and burning characteristics such as viscosity, pour point, gravity, carbon residue and hydrogen content. At one time, residual fuels were available for half the cost of distillates, but in todayls market this large price differential does not exist. However, this may be temporary, and more traditional differentials could return. The investment and utility requirements for HDS processing of Kuwait and North Slope residual fuels are shown in Table 2 . As processing severity increases, investment costs, catalyst expense and utility requirements, particularly power, increase proportionately. Table 3 gives total processing costs for the entire complex, including hydrogen and sulfur plants and units outside of the HDS battery limits. The premium for HDS processing ranges from $1.40 per bbl ($8.81 per cu m) for Type II processing of Kuwait atmospheric bottoms $2.68 ($16.86 per cu m) for Type IV. Other residuals could involve substantially higher or lower costs. Use of utility industry pricing procedures rather than typical refining industry return on investment would lower these premiums somewhat.
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In conclusion, hydrodesulfurization can convert high sulfur residual oils into low-ash distillate-like fuels with low sulfur content. The cost varies with severity of processing. In some situations, the HDS product might be an attractive alternate to light distillate as a gas turbine fuel; however, no HDS product has yet been used as fuel for a gas turbine or combined-cycle plant. We currently have laboratory tests in progress on the use of HDS-treated residual as a gas turbine fuel, but the results are not yet available at the time of submission of this paper. A 50,000 bbl (7950 cu m) per day HDS plant (costing 25 to 50 million dollars) coupled to a 1000 mw gas turbine or combined-cycle plant has promise as an attractive way to convert high sulfur residual fuel into "clean" electric power. Furthermore, in most instances, the HDS unit will be part of a refinery complex, and the burden of desulfurization and attendant problems, for example siting and waste disposal, are removed from the power plant operator.
